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ARTICLE INFO ABSTRACT

Dendrite formation poses serious problems in the operation of zinc-based batteries. Electrode material and
electrolyte composition are known to have an influence on the dendrite formation. In this paper possible so-
Zinc lutions for the reduction of dendrite formation at the anode of a zinc-based battery are studied. The electro-
Graphite chemical behaviour of various electrode materials and electrolyte compositions is researched. It is observed that
Amde, . the tested electrode materials have no significant impact on the reaction at the anode. However, significant
Deposition . . . . . . . . .
reduction in dendrite formation are observed at various electrode materials. The largest reduction in dendrite
formation is observed when SGL bipolar graphite is used as electrode material. Furthermore, using several
analysis methods (CV, EIS, SEM) it is observed that the addition of low concentrations (around 10% of the main
component concentration) of certain additives (MgBr,, MnSO,) to the electrolyte has no significant impact on
the electrolyte reaction at the anode, but prevents the formation of dendrites. Finally, the changes in substrate
material and electrolyte additive do not have significant influence on the over-all performance of the battery.
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Introduction

Batteries get more and more an important part of future energy
systems [1]. They are for example used to store electricity generated by
photovoltaic panels during the day for usage during the evening or
night, resulting in peak-shaving and reduced stress on the electrical grid
[2]. Next to the grid support aspect, also economic advantages can be
achieved by storing electricity at times when it is cheap for usage at
times when it is expensive. Another example for using a battery is its
possibility to function as back-up in emergency situations. For all those
applications different batteries can be considered, like e.g. lead-acid
batteries and lithium-ion batteries, which all have their strong points
and drawbacks [3]. An alternative battery that could be used in future
energy systems is the zinc-based battery. Zinc-based batteries have
some advantages. On the one hand most components used for zinc-
based batteries, (e.g. zinc, zinc-halogen salts, graphite) are abundant
and readily available [4-6] and therefore relatively cheap. On the other
hand the aforementioned components used in zinc-based batteries
present only mild health-risks and are moderatly hazardous to the

environment [7], as opposed to e.g. the components used in lead-acid
batteries [8,9].

The zinc-based primary battery (i.e. not rechargeable) has been a
fixture in the world of energy storage since the 1970’s [10,11]. Al-
though the research into zinc-based secondary batteries (i.e. recharge-
able) is an ongoing process, no definitive zinc-based secondary battery
technology has emerged yet. One such technology, currently under
development at Dr. Ten B.V., is the Seasalt battery [12,13]. A particular
challenge in the development of the Seasalt battery (or zinc-based sec-
ondary batteries in general) is the formation of dendrites at the anode
[10,14]. The formation of dendrites at the anode may accellerate
ageing', cause reduced storage capacity and short-circuiting of the
battery [15]. An example of dendrites formed during testing of a ZnBr,
based electrochemical cell is shown in Fig. 1. In this case the deposited
zinc forms a brittle “Christmas tree”-like structure at the anode. If this
structure continues to grow, eventually it could reach the cathode,
causing a short-circuit. Furthermore, if these structure fractures from
the anode, the broken part no longer takes part in the electrochemical
reaction and as a result the cell-capacity is diminished.
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! Gradual performance degradation of a battery, caused by complex interrelated phenomena that depend on battery chemistry, design, environment, and the actual

operational conditions [15]
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Fig. 1. The formation of dendrites on the anode of a Seasalt Battery (i.e. a zinc
based battery).

The deposition behavior is susceptible to changes in various con-
ditions like pH, temperature and current density [16,17], and can be
influenced using various techniques. Fukami et al. [18,19] report that
the application of electrochemical oscillations during zinc deposition
yields wafer-like structures rather than dendrites. Shitanda et al. [20]
report that creating a dot-pattern on the substrate surface at the nano-
level yields dendrites only where the dots are located on the substrate
surface, while Koda et al. [21] note that dendrite formation can be
suppressed if deposition takes place within nanopores of a given sub-
strate. Gomes et al. [22,23] state that by the addition of certain sur-
factants it is possible to deposit zinc with a different preferred or-
ientation, crystal shape (needles, pyramids, cauliflowers) and size.
However, these solutions are impractical for application in a battery
because they would either increase the costs of such a battery drama-
tically, or severely influence the overall behaviour of the battery (e.i.
the progression of voltage and current during charging and discharging,
the Open Circuit Potential, etc.). Thus different, more practical means of
influencing the deposition behaviour have to be applied.

The influence of the substrate on the deposition behavior of zinc has
been studied widely. Various substrate materials such as steel [24],
platinum [25], magnesium [26], titanium [27], glassy carbon and
graphite [28] have been researched. The common conclusion in these
studies is that the composition of the substrate is of vital importance to
the zinc-deposition behavior. It is also concluded that the surface pre-
paration of a substrate can influence the zinc deposition behavior [29].

The addition of a second depositing material, or co-depositor is also
known to have an effect on the deposition of zinc. The co-depositor
material should “interfere” with the normal crystallization process of
zinc in such a way that structures other than dendrites are formed
during deposition. In this case, the cation of the co-depositor is built
into the crystal structure made up by the Zn>" ions altering the overall
crystal structure. Several compounds with various cations suitable for
co-deposition with zinc have already been tested and described; e.g.
manganese [30], nickel, cobalt, iron [31,32], copper [33], and calcium
[34]. The effects of polar additives acetonitrile, ethylenediamine and
ammonia were explored by Abbott et al. [35], while the effects of
various organic additives have been researched by Li et al. [36] and
Ortiz et al. [37]. Our preliminary investigation of the behaviour of
various additives, reproducing and adapting experiments described in
[31-37], however, did not yield satisfactory results. We found that
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compounds containing nickel or aluminium severely reduced the de-
position reaction on the anode, thereby reducing the energy storage
capacity. Furthermore, we observed that compounds containing cal-
cium limited the reversibility of the deposition at the anode, reducing
the charge/discharge cycle-life. Moreover, we observed that com-
pounds containing iron or polar additives negatively influenced the
reactions at the cathode. However, additives containing manganese or
magnesium showed the most promising results, as these were observed
to have only limited influence on the reactions at the electrodes.

In this work possible solutions to the problem of dendrite formation
at the cathode of a zinc-based secondary battery are explored. Firstly, in
Section “Materials and methods” the used methods and techniques are
outlined and in SubSection “Reference condition” a reference condition
to which the results of all subsequent experiments are compared, is
given. In Section “Results and discussion” the main results of this re-
search are discussed. Firstly, in SubSection “Influence of various sub-
strates” the influence of various substrates on the dendrite formation is
considered and secondly, in SubSection “Influence of various additives”
the influence of several additives containing magnesium and manga-
nese ions, that were observed to have little influence on the reaction at
the electrodes, is investigated. Finally, in SubSection “Combined im-
provements” the optimal combination of substrate and additive is ex-
plored, the surface of the deposited zinc layers is analysed using
Scanning Electron Microscopy (SEM) and the difference in electro-
chemical behaviour between the reference condition and the optimal
combination of substrate and additive is explored using Electrochemical
Impedance Spectroscopy. The paper ends with conclusions in Section
“Conclusion” and possible topics for future research in Section “Future
work”.

Materials and methods

The Cyclic Voltammetry (CV) and Chrono-Amperomtery (CA) experi-
ments were conducted on a Metrohm Autolab PGSTAT101 potentiostat,
at room temperature and ambient pressure, using a Ag/AgCl reference
electrode, obtained from the Metrohm company. All CV experiments
were caried out at a scanrate of 100 mV/s. The electrode surface mor-
phology was analyzed using a standard optical microscope. The
Scanning Electron Microscopy (SEM) images were taken using a JEOL
1610 LA scanning electron microscope. The Electrochemical Impedance
Spectroscopy (EIS) measurements were conducted using a CH
Instruments 600E electrochemical analyser. The EIS experiments were
conducted at room temperature and ambient pressure, within a Faraday
cage, using a Ag/AgCl reference electrode, obtained from the Metrohm
company. The SEM measurements were analysed using the EQUIVCRT
method and software, developed by Boukamp [38,39].

In each experiment, the counter-electrode was a standard graphite
plate while the working electrode material was varied. Both plates were
partially submerged in the electrolyte, making the effective area of each
electrode 1 cm?. In all experiments, an excess of electrolyte was used to
make sure that absence of electrolyte could never be the limiting factor
in the deposition. Unless specifically mentioned, all chemicals (ZnBr,
MgBr,, MnSOy,, etc.) were of trace metals basis grade (purity 99.999%)
and were obtained from the Sigma-Aldrich corporation. The electrode
materials were obtained from SGL graphites SE.

Reference condition

As the main goal of this work is to achieve a reduction in dendrite
formation, i.e. to show changes in zinc deposition behaviour, first the
reference to which these changes or reductions are compared has to be
precisely specified. All further achieved results are compared to the
conditions and results of this reference experiment.

Under the conditions of the reference experiment dendrite forma-
tion occurs as shown in Fig. 1. The electrolyte used was a 1 M ZnBr,
(aq) solution and this is referred to as standard electrolyte. The anode (or
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Fig. 2. (a) The morphology of a zinc layer deposited at —1.3 V for 1 h on standard graphite from standard electrolyte. (b) Voltammogram for the reference conditions, the
numbers correspond to Egs. (1)-(4) which describe the chemical reactions likely to occur at various points during the CV experiment.

substrate) was a graphite-coated iron film and this electrode material is
referred to as standard graphite. The iron film is completely encased by
the graphite layer, so the core never comes into contact with the elec-
trolyte. Furthermore the experiments were conducted at atmospheric
pressure and ambient temperature, with a Ag/AgCl reference electrode,
these are referred to as reference conditions. For the deposition experi-
ments a potential of —1.3 V was chosen, since at this potential the zinc
deposition occurs sufficiently fast to be observed visually during the
experiment, while gas evolution at the anode is not observed at this
potential.

Results and discussion

In the following subsections the dendrite formation and the elec-
trochemical behaviour of various substrate/electrolyte combinations is
investigated. Firstly, the dendrite formation is evaluated by visual in-
spection of the zinc layer deposited at the anode. The deposited zinc
layer of each substrate/electrolyte combination is compared to a zinc
layer deposited under the reference conditions (see Fig. 2a). Any sig-
nificant reduction in dendrite formation is considered to be an im-
provement.

Secondly, the electrochemical behaviour of each substrate/electro-
lyte combination is investigated using cyclic voltammetry (CV). The re-
sulting voltammograms are compared to the reference condition (see
Section “Reference condition”). If the differences between the voltam-
mograms for the two cases are small, the electrochemical behaviour of
the compared electrode/electrolyte combinations is similar. In this case
the substrate/electrolyte combination is considered to be usable in the
zinc-based secondary battery.

Analysis of the reference condition

Fig. 2b shows the voltammogram of standard electrolyte and standard
graphite under the reference conditions. The numbers in the graph of
Fig. 2b correspond to Egs. (1)-(4), which describe the main reaction
likely to take place at each step during the voltammetry experiment.

2Br=(aq) — Bn(aq) + 2e~ (€8]

Bry(aq) + 2e~ — 2Br—(aq) (@3]
Zn?*(aq) + 2e~ — Zn(s) 3)
Zn(s) - Zn**(aq) + 2e- (€]

Starting at 0 V and increasing the potential, i.e. following the graph
in the direction of the arrows, initially the resulting current increases
slowly. From ~ 0.8 V onwards, however, there is much faster increase.
Here it is likely that the bromide ions in the electrolyte are oxidized,
forming bromine (Eq. (1)). Note, that additional (side) reactions can
also take place here, forming (intermediate) reaction products e.g. poly-
bromide ions. These types of reactions are further explored in [12].
There is no clear peak in this part in the graph because there is an
abundance of bromide ions present in the electrolyte, hence new bro-
mide ions can always reach the electrode to react. Visually, a reddish
brown liquid appears at the working electrode. No formation of oxygen
bubbles is observed at the electrode, indicating that water splitting does
not occur during this part of the CV experiment.

When the applied potential is lowered again, the resulting current
reaches a local minimum of ~ —0.1 A/cm? at an applied potential of
0.5 V. Here it is likely that the bromine reacts back to bromide ions (Eq.
(2)). The small negative peak indicates that not all bromine remains in
the vicinity of the electrode, hence not all bromine can react back to
form bromide ions. Visually, no more reddish brown liquid is formed,
and part of the liquid that was already formed sinks to the bottom of the
reaction vessel and remains there.

When the applied potential is lowered below —1V the resulting
current drops steeply. Here it is likely that zinc ions from the electrolyte
are reduced to metallic zinc at the electrode (Eq. (3)). As before, there is
no clear peak at this point in the graph. In this case it is because there is
an abundance of zinc ions present in the electrolyte. Visually a silverish
layer appears on the electrode, indicating the formation of a zinc-layer
on the electrode. No formation of hydrogen bubbles is observed at the
electrode, again indicating that water splitting does not occur during
this part of the CV experiment.

When the applied potential is increased again the resulting current
steeply increases, until a peak of ~0.4 A/cm? at an applied potential of
—0.5V is reached. Here it is likely that metallic zinc reacts to form zinc
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ions (Eq. (4)). The large peak indicates that most zinc, formed in the
previous step, reacts back to zinc ions. This is to be expected as the
metallic zinc remains mostly on the electrode after it is created, hence it
can react back to form zinc ions. Visually the silverish layer disappears
from the electrode.

This CV experiment was repeated for 100 cycles and the shape of the
graph remained the same. Visually, after the experiment no silverish
layer remained on the electrode, however a small layer of reddish
brown liquid remained at the bottom of the reaction vessel.

As during a CV experiment, the behaviour of the electrode alter-
nates between the behaviour of a cathode (positive voltage) and anode
(negative voltage) it may occur that the reaction at the cathode has an
influence on the reaction at the anode and vice versa. Therefore, we
also test if this is the case for standard electrolyte and standard graphite
under the reference conditions by investigating the CV for two different
scan ranges: scan range A (—1.5V to 0.1 V), where zinc deposition is
certain to occur and scan range B (—1.0V to 1.5V) where zinc de-
position is certain not to occur. The corresponding voltammograms are
shown in Fig. 2b. Both voltammograms perfectly overlap the complete
voltammogram (—1.5V to 1.5V), thus demonstrating that the beha-
viour of the electrolyte at the cathode does not influence its behaviour
at the anode. Therefore, in the following, the focus is on the deposition
of zinc at the anode and behaviour of the cathode is considered to be
boyond the scope of this work.

Influence of various substrates

To study the influence of different graphite types on the deposition
of zinc at the anode, four commercially available graphite types were
tested, in addition to the standard graphite described in Section
“Materials and methods”, these types are:

. Sigraflex, a flexible graphite type with an iron core’.
. SGL Bipolar, a smooth inflexible graphite sheet.

. SGL felt gray, a porous graphite sheet.

. SGL felt black, a porous graphite sheet.

HWN B

In Fig. 3 the electrochemical behaviour of the graphite types is
shown. It can be seen that the over-all behaviour of all graphite types is
similar. Between —1.5V and —0.5V, (the anode side), the voltam-
mograms for all substrates are almost identical. The largest differences
in this range are in the height of the peak at —0.6V. In the range be-
tween — 1.5V and 0.5 V larger differences are visible. The Sigraflex and
SGL Bipolar substrates show very similar behaviour to the standard
graphite. However,the SGL felt gray and SGL felt black substrates do
show differences. Hence, the lower peak is located around —0.1V
while the other substrates show this peak at around 0.3 V. The peak is
also significantly higher for SGL felt black and SGL felt gray substrates
than for the standard graphite. These differences are most likely at-
tributed to the physical properties of the substrate. Where the standard
graphite, Sigraflex and SGL Bipolar substrates have smooth surfaces,
while the SGL felt black and SGL felt gray substrates have porous sur-
faces. However, in the potential range where zinc deposition at the
anode occurs, between —1.5V and 0.5V the behaviour of all tested
substrates is similar to the standard graphite, showing that all four
graphite types are potentially usable in the zinc-based battery as a re-
placement of the standard graphite.

In Fig. 4, the morphology of the zinc deposited at the anode surface,
on four different substrates is shown. In all four cases, the zinc layer is
deposited from standard electrolyte by applying a potential of —1.3V (vs
Ag/AgCl) for one hour. From visual inspection it is immediately clear
that the morphology of the deposited zinc differs significantly for the

2 Note that the iron core is completely encased in the graphite compound, and
thus is never exposed to the electrolyte
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various substrates. Both the SGL felt black and the SGL felt gray elec-
trodes (Fig. 4a and b) are mostly smooth. The irregularities in the zinc
layer may be attributed to the porosity of the substrate material. There
are also some dendrites which are mostly needle-shaped. The Sigraflex
electrode (Fig. 4c) shows broad dendrites, similar to the dendrites on
the standard graphite. Furthermore the surface of the deposited zinc
layer seems rough and cracked. The SGL bipolar electrode (Fig. 4d)
shows no dendrites, meaning that the zinc is deposited as one smooth
layer. However, there are some irregularities towards the interface
between the area where zinc was deposited and where no zinc was
deposited. The absence of dendrites is in sharp contrast with a zinc
layer deposited on standard graphite (Fig. 2a) where dendrites are
abundant.

From the cyclic voltammetry experiments and visual inspection of
the electrodes, it can be concluded that:

® The electrochemical behaviour of the electrolyte at the anode is
nearly identical for all four tested substrates.

o The results of the CV experiments show that all four tested sub-
strates are a suitable replacement for the standard graphite electrode
in a zinc-based secondary battery.

e The SGL bipolar electrode (Fig. 4d) shows the least dendrite for-
mation, out of all tested substrates.

e The Sigraflex substrate (Fig. 4c) is both in its electrochemical be-
haviour and in the dendrite formation most similar to the standard
electrode.

Influence of various additives

Our previous research on this subject (see Section “Introduction”)
indicated that compounds containing magnesium or manganese may
have the potential to reduce dendrite formation. Therefore we studied
the influence of magnesium bromide (MgBr,) and manganese sulphate
(MnSO,4) on the deposition behaviour of zinc.

Note, that it would be more logical to use manganese bromide
(MnBry) as an additive, as introducing SO3~ ions could result in un-
wanted side-reactions that (negatively) influence the electrochemical
behaviour, whereas Br~ ions are already present (due to ZnBr5) hence,
no additional side reaction are likely to occur. However, preliminary
studies using MnBr, showed less than promising results. Although
voltammograms showed no large differences in the electrochemical
behaviour, visual inspection of the anode showed that the deposited
zinc layer had a rather brittle and dusty structure, which are unwanted
properties for the structure of the deposited zinc-layer.

The zinc layers were deposited on a standard graphite electrode from
1 M ZnBr, (standard electrolyte) plus 0.1 M of the co-depositor material.
Firstly the influence of the co-depositor on the electrochemical beha-
viour was studied.

In Fig. 5, the voltammograms of the zinc depositions on standard
graphite from 1M ZnBr, + 0.1 M of the selected co-depositors are
shown in comparison to a voltammogram of zinc deposited under re-
ference conditions. The voltammograms of 1M ZnBr; + 0.1 M MgBr»
and 1M ZnBr, + 0.1 M MnSO,4 show only slight differences to the
voltammogram of the reference condition. The main difference in the
potential range where zinc deposition occurs (—=1.5V to —0.1V) is in
the height of the peak around —0.4 V. This peak in the voltammogram
of 1 M ZnBr;, + 0.1 M MnSO, is significantly lower than the peaks in the
voltammograms of MgBr, and 1 M ZnBr, and of the standard electrolyte,
so a lower current results from the same potential. This difference in
electrochemical behaviour is likely to have a negative influence on the
battery performance, as a lower resulting current at the anode is likely
to result in a lower over-all battery current, compared to the reference
conditions.

To determine the influence of both of the co-depositors on the de-
position behaviour, a deposition test (using chrono-amperometry) was
performed on a standard graphite anode and electrolytes containing the
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Fig. 3. Cyclic voltammogram of standard electrolyte for various substrates.

(a) SGL felt black

Fig. 4. Morphology of zinc deposited at —1.3V for 1 h on varied substrates from standard electrolyte.

(b) SGL felt gray

two suggested co-depositors. The zinc-layers, deposited for 1h at
—1.3V (vs Ag/AgCl), are shown in Fig. 6. Both co-depositors are ob-
served to have a significant influence on the behaviour of the deposition
of the zinc-layer. From visual inspection it is immediately clear that
neither the zinc layer deposited from 1M ZnBr, + 0.1 M MgBr,
(Fig. 6a) nor the zinc layer deposited from 1 M ZnBr; + 0.1 M MnSO,4
(Fig. 6¢) shows significant dendrite formation. This is in sharp contrast
with the dendrites formed during a deposition with 1 M ZnBr», without
co-depositors (see Fig. 2a). Since the differences in the deposited zinc
layers between the two electrolytes are so small, the anodes were also
inspected with an optical microscope (see Fig. 6b and d). It is observed
that the morphology of the zinc layers, deposited with both co-de-
positors, is very smooth. In particular, the zinc layer deposited from 1 M
ZnBr, + 0.1 M MgBr; (Fig. 6a and b) seems evenly distributed over the
anode surface and therefore is especially useful in zinc-based batteries.

In the previous experiments, a ratio of 10:1 between the depositor
and the co-depositor was used. As this ratio was chosen for con-
venience, it still needs to be established what the optimal ratio is; i.e.

(c) Sigraflex (d) SGL Bipolar

where the surface of the deposited zinc layer is as smooth as possible,
and where the influence of the co-depositor on the behaviour of the
battery remains minimal. There should be an optimal ratio, because if
the concentration of co-depositor is very low compared to the con-
centration of depositor, the deposition will be dominated by the de-
positor, and the morphology of the deposited layer will be as if there
were no co-depositor present. However, if there is a high concentration
of co-depositor, the morphology of the deposited layer will be similar to
the characteristics of the co-depositor.

To get some insight in the optimal ratio, deposition tests were
performed with electrolytes using other depositor/co-depositor ratios.
In Fig. 7, the morphology of zinc layers deposited at 1.3V for 1h on
graphite from 1 M ZnBr, and various concentrations of co-depositor is
shown. From visual inspection of the zinc layers deposited from ZnBr,
and MgBr, (see Fig. 7a) it is immediately clear that for co-depositor
concentrations that are significantly higher and lower than 0.1 M there
are significantly more dendrites formed than with a co-depositor con-
centration of 1 M. Therefore, as hypothesized, there seems to be an
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Fig. 5. Cyclic voltammogram for various electrolytes on standard graphite.

(b) MgBra (60x)

-
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(c) MnSO4

Fig. 6. Morphology of zinc deposited at —1.3 V for 1 h on standard graphite from 1 M ZnBr, + 0.1 M co-depositor. Pictures (b) and (d) were obtained using a standard

optical microscope.

optimum concentration of co-depositor for MgBr,, where the least
dendrites are formed and in this case this seems to be around 0.1 M
MgBr,. Visual inspection of zinc layers deposited from ZnBr, and
MnSO, shows similar behaviour. The optimal co-depositor concentra-
tion of MnSO, also seems to be 0.1 M.

From the cyclic voltammetry experiments and visual inspection of
the electrodes, it can be concluded that:

e Out of the two tested co-depositors, an electrolyte with 0.1 M MgBr,
as co-depositor behaves most like the standard electrolyte.

e From an electrochemical point of view both tested co-depositors are
a suitable addition to the standard electrolyte in a zinc-based sec-
ondary battery.

® For both co-depositors, zinc layers deposited from an electrolyte
with co-depositor concentrations significantly higher or lower than
0.1 M resulted in zinc layers with significantly more dendrites than
there are on zinc layers deposited from an electrolyte containing
0.1 M co-depositor.

Combined improvements

In the previous sections the influence of four different substrates and

two different co-depositors on the deposition of zinc from a 1 M ZnBr,
solution is discussed. In Table 1 a summary of the changes in dendrite
formation is presented. Thereby the changes in dendrite formation are
classified as (=) no change in dendrite formation; (>) increased den-
drite formation; (<) decreased dendrite formation. The largest decrease
in dendrite formation was observed if (1) the substrate was replaced by
a SGL Bipolar substrate, or (2) if 0.1 M of MgBr, was added to the
electrolyte. In both cases no significant change to the electrochemical
behaviour in CV was observed. Both replacing the substrate with SGL
bipolar graphite and adding 0.1 M of MgBr, to the electrolyte cause
reductions in the dendrite formation. It remains to investigate what the
effect will be when both changes are made together; i.e., what the effect
will be of depositing a zinc layer from 1 M ZnBr; + 0.1 M MgBr, on a
SGL bipolar substrate.

In Fig. 8 the morphology of a zinc layer deposited from 1M
ZnBr, + 0.1 M MgBr, on a SGL bipolar substrate, and the electro-
chemical behaviour during this deposition are shown. The voltammo-
gram (Fig. 8b) shows that the electrochemical behaviour of 1M
ZnBr, + 0.1 M MgBr, on a SGL bipolar substrate closely resembles the
behaviour of the reference conditions. In the potential range where zinc
deposition occurs, between —0.1V and —1.5V, both voltammograms
are nearly identical, the largest difference is in the steepness of the peak
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(a) MgBrg
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(b) MnSO4

Fig. 7. Morphology of zinc deposited at —1.3V for 1h on standard graphite from 1 M ZnBr,, with different concentrations of co-depositor.

Table 1

All electrode/ electrolyte combinations tested for this research. (=) No change
in dendrite formation; (<) Decreased dendrite formation; (>) Increased den-
drite formation.

Substrate Electrolyte Additive Dendrite formation
Reference conditions:

Standard Graphite 1M ZnBr, none

Varied Substrates

Sigraflex 1M ZnBr, none <
SGL felt black 1M ZnBr, none =
SGL felt gray 1M ZnBr, none

SGL Bipolar 1M ZnBr, none <
Varied Additives

Standard Graphite 1M ZnBr, 0.01 M MgBr, =
Standard Graphite 1M ZnBr, 0.1 M MgBr, <
Standard Graphite 1M ZnBr, 0.5M MgBr, >
Standard Graphite 1M ZnBr, 0.01 M MnSO4 =
Standard Graphite 1M ZnBr, 0.1 M MnSO,4 <
Standard Graphite 1M ZnBr, 0.5M MnSO,4 >

at —0.3V. On the other side of the voltammogram, between —0.1V
and 1.5V the differences are a bit larger. Both the positive current peak
(at 1.5V) and negative current peak (at 0.3 V) are lower for a deposi-
tion form 1 M ZnBr, + 0.1 M MgBr, on a SGL bipolar substrate, than for
a deposition from standard electrolyte on a standard electrode. However,
as established in Section “Analysis of the reference condition” the be-
haviour of the electrolyte at the cathode does not significantly influence
the behaviour of the electrolyte at the anode. From visual inspection of
the electrode (Fig. 8a) it is immediately clear that there are significantly
less dendrites than was the case in the reference conditions. The

deposited zinc layer looks to be even smoother than layers deposited
from 1M ZnBr, on SGL bipolar graphite substrate or from 1M
ZnBr, + 0.1 M MgBr, on standard graphite substrate. This combination
of the two changes (1 M ZnBr, + 0.1 M MgBr, on a SGL bipolar sub-
strate) is referred to as improved conditions in the remainder of the

paper.

Scanning Electron Microscopy analysis

The morphology of the deposited zinc layer is further analysed using
Scanning Electron Microscopy (SEM). The SEM analysis was only applied
to the improvements that showed the most promising results. This
implies that only one substrate is considered: SGL bipolar graphite, in
combination with both co-depositors, in addition to the standard gra-
phite and standard electrolyte.

Firstly the zinc layer deposited from standard electrolyte on both
substrates is analysed. In both cases zinc was deposited for 1h at
—1.3V. For the SEM analysis an area on the side of the electrode was
selected, where it was immediately clear that zinc had been deposited,
but where no dendrite was visible. The image in Fig. 9a shows a zinc
layer deposited on a standard graphite electrode. In this case, clearly the
zinc layer is very terraced, meaning that the thickness of the layer is
uneven and in between the portions of different layer thickness there
are steep edges. In addition to the variations in layer thickness the
distribution over the surface is also uneven, as evidenced by the gaps
(black spots) visible in the layer. In Fig. 9b a zinc layer deposited on a
SGL bipolar electrode is shown. In this case the deposited zinc layer is
not terraced. While the thickness of the zinc layer still varies, the
transition between areas of different thickness is smooth. There are still
some gaps present in the deposited layer, but definitely less than shown
in Fig. 9a.
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Reference conditions;
1 M ZnBrs and a standard graphite anode

Improved conditions;
1 M ZnBry + 0.1 M MgBrs and a SGL bipolar anode
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Fig. 8. The morphology of zinc deposited at —1.3 V for 1 h on SGL bipolar graphite from 1 M ZnBr, + 0.1 M MgBr, and the corresponding voltammograms showing
the elctrochemical behaviour of this deposition, compared to a deposition under reference conditions.

Secondly, in Fig. 9c, the zinc layer deposited from 1M
ZnBr, + 0.1 M MgBr, on a standard graphite electrode is given. As in the
previous cases zinc was deposited for 1 h at —1.3V, and an area on the
side of the electrode was selected where it was immediately clear that
zinc had been deposited, but where no dendrite was visible. This zinc
layer is also somewhat terraced, but clearly less than for the reference
conditions, indicating that there is less variation in the thickness of the
zinc layer than under the reference conditions (Fig. 9a). There are again
only a few gaps in the layer, indicating that the layer is evenly dis-
tributed along the substrate surface.

Lastly the zinc layer deposited under reference conditions (Fig. 9a) is
compared to the zinc layer deposited under improved conditions
(Fig. 9d). The zinc layer deposited under improved conditions shows very
little terracing indicating that there are little hight differences in the
zinc layer. Moreover the terracing that does occur is broad, indicating
that the hight differences occur gradually. There are very little gaps in
the zinc layer, indicating the layer is evenly distributed over the sub-
strate surface.

In conclusion, the zinc layers deposited with one of the two changes
(Fig. 9b and c), are smoother and less dendritic than a zinc layer de-
posited under standard conditions (Fig. 9a). A zinc layer with both
changes, i.e. deposited underimproved conditions (Fig. 9d), is even
smoother than a zinc layer deposited with only one of the changes
applied.

Electrochemical Impedance Spectroscopy analysis

Considering the voltammetry of zinc deposition using the reference
conditions and the improved conditions given in Fig. 8b, there is a
limited yet clear difference in the voltammetery between a deposition
performed using the reference conditions and improved conditions. To
make sure that this difference in the voltammetry causes no large dif-
ferences in the behavior of the battery, a better understanding of the
processes occurring at the anode during deposition is needed. In order
to gain more insight into the mechanism and kinetics of zinc deposition
under the reference conditions and improved conditions an Electrochemical
Impedance Spectroscopy (EIS) analysis [40] was performed. Fig. 10

shows the impedance spectra of a deposition under the reference con-
ditions (1 M ZnBr, on a graphite electrode) and the improved condi-
tions (1M ZnBr, + 0.1 M MgBr, on a bipolar graphite electrode). The
EIS measurements were performed during zinc deposition at a potential
of —1.3V (vs Ag/ AgCl), the deposition was started one hour before the
EIS measurements were taken to make sure that the system had reached
a steady state before the start of the measurements.

Fig. 10a displays the impedance spectrum of the EIS measurements
on the zinc deposition under standard conditions. The offset of the
spectrum on the x-axis at ~ 1.1 Q is associated with the resistance of the
electrolyte; the higher the offset of the spectrum, the higher the internal
resistance of the electrolyte. The width of the spectrum, in this case
approximately 2.5 Q, is associated with the charge transfer resistance.
The relatively large charge transfer resistance is attributed to the
crystallization processes and the relatively large over potential
(—1.3V) applied to drive the deposition. The impedance spectrum of
the deposition under improved conditions is displayed in Fig. 10b. In this
case the offset of the graph is approximately 1.2 Q, which is slightly
larger than that of the standard conditions. The slightly higher electro-
lyte resistance may be related to the presence of magnesium ions in the
electrolyte of the improved condition.

In order to understand the impedance spectra on a more detailed
level the data was fitted using the equivalent circuit processing software
(EQUIVCRT) and the method developed by Boukamp [38,39]. The
fitted impedance spectra are also displayed in Fig. 10a and b. The fitted
spectra are nearly identical to the measured spectra. The residual error
between the fitted data and the measured data is displayed in Fig. 10c
and d. It stayed within 0.1% over a wide range of frequencies, however
larger errors were encountered at very high frequencies®. The equiva-
lent circuit fitted using the EQUIVCRT software is displayed in Fig. 11.

The best fitted equivalent circuit (see Fig. 11a) is relatively simple,
consisting of three resistors (R, R4, and R,), a capacitor (C) and a

3 Note that small numbers in the impedance spectra correspond to large fre-
quencies in the residual error plots.
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(b) Electrode: SGL Bipolar,
Electrolyte: 1 M ZnBry

(c) Electrode: Standard graphite,
Electrolyte: 1 M ZnBrs + 0.1 M MgBr2

Fig. 9. Scanning Electron Microscope pictures of the various zinc layers, recorded with a 200 X magnification.

constant phase element (Q). Resistor R corresponds to the electrolyte
resistance, and resistor R4 corresponds to the charge transfer resistance.
The values fitted for R and R4 (see Fig. 11b) are nearly identical to the
values obtained for both cases from the impedance spectra (see Fig. 10).
The parallel setting of resistance R, and constant phase element Q may
be associated with diffusion. The values for R, and Q are very small for
both the reference conditions and improved conditions, indicating that
the zinc deposition is controlled by diffusion of ions towards the sub-
strate surface and by adsorption at the substrate surface via a weak Van
der Waals bond [41]. The small value for C, present in both the reference
condition and the improved condition, indicates that during the deposi-
tion process electrolyte is likely enclosed in the pores of the substrate
surface.

In conclusion, the impedance spectra for the reference conditions
and improved conditions are very similar, whereby the differences in
the offset and width of the curve are attributed to the differences in the
electrolyte. Both spectra can be fitted to the same equivalent circuit
(Fig. 11), with slightly different values for all components. The presence
of the elements and the corresponding values for both the reference
conditions and improved conditions, suggest a deposition process
dominated by diffusion towards the surface of the carbon electrode and
by heterogeneous nucleation.

(d) Electrode: SGL Bipolar,
Electrolyte: 1 M ZnBrs + 0.1 M MgBr2

Conclusion

Dendrite formation during the electrochemical deposition of zinc
can cause problems in the operation of a zinc-based secondary battery.
Any practical solution to this problem should not have (negative) in-
fluence on the operation of the zinc-based secondary battery as a whole,
meaning that the behaviour of the electrolyte at the anode should be
the same in all cases whether the practical solution is applied or not.

To get some more insight, the deposited zinc layers were analysed
using optical microscopy as well as scanning electron microscopy. And
the behaviour of the electrolyte at the anode was analysed using cyclic
voltammetry. Firstly, various substrates, which are possible replace-
ments for the substrate used in the standard conditions, were researched.
The used electrode materials all have little influence on the behaviour
of the electrolyte at the anode. Hereby, the SGL bipolar graphite shows
the least dendrite formation of all tested substrates. Secondly, the ad-
dition of several co-depositor materials to the electrolyse has been re-
searched. As with the substrate, for a practical solution, the co-de-
positor should have as little influence as possible on the behaviour of
the electrolyte at the anode. It is demonstrated that the addition of
0.1 M MgBr, to the electrolyte causes a significant reduction of the
formation of dendrites, while the behaviour of the electrolyte at the
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EQUIVCRT software and circuit in Fig. 11.
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Fig. 11. (a) Equivalent circuit representing the processes likely to occur during zinc deposition and (b) values of the elements in the circuit for both the reference and

improved conditions.

anode is influenced very little. Furthermore, it is demonstrated ex-
perimentally that both solutions combined (improved conditions), result
in a further reduction of dendrite formation.

Lastly, an electrochemical impedance spectroscopy study was con-
ducted on the deposition using both the reference conditions and im-
proved conditions. It is shown that the deposition under both sets of
conditions is a process likely dominated by heterogeneous nucleation.

10

The processes are slightly different, yet sufficiently similar to ensure
that the deposition under the improved conditions does not (negatively)
influence the overall working of the zinc-based secondary battery as a
whole.

Summarizing, it has been demonstrated that the formation dendrites
at the anode of a zinc-based secondary battery can be reduced by using
an SGL graphite anode or adding 0.1 M MgBr, to the electrolyte, and it
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has been demonstrated that both measures have no (negative) influence
on the over-all working of the battery.

Future work

Future work should be dedicated to better the understanding of both
deposition processes. An in-depth EIS study of the deposition process
under both the reference conditions and improved conditions and an
analysis of the over-potential during deposition could prove to be va-
luable for this understanding. Furthermore a study on the deposited
layer using analysis techniques like X-ray diffraction Atomic Force
Microscopy Energy Dispersive X-ray spectroscopy and
Crystallographywould definitely shed more light on the surface mor-
phology and exact composition of the deposited layers. Additionally, an
analysis of cross-sections of deposited zinc layers, in various states of
development, could improve our understanding of the mechanics of
dendrite growth and the influence of the various substrates and ad-
ditives on these mechanics. Lastly, future work should also be dedicated
to applying the solutions presented in this paper to a practical zinc-
based secondary battery, more specifically to improve the Seasalt
Battery currently in development at the company Dr. Ten B.V.
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